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Blocking occurs when previous training with a stimulus A reduces (blocks) subsequent learning about a stimulus B,
when A and B are trained in compound. The question of whether blocking exists in olfactory conditioning of
proboscis extension reflex (PER) in honeybees is under debate. The last published accounts on blocking in honeybees
state that blocking occurs when odors A and B are similar (the “similarity hypothesis”). We have tested this
hypothesis using four odors (I-octanol, I-nonanol, eugenol, and limonene) chosen on the basis of their chemical and
physiological similarity (experiment 1). We established a generalization matrix that measured perceptual similarity.
Bees in the “block group” were first trained with an odor A and, in the second phase, with the mixture AB. Bees in
the “novel group” (control group) were first trained with an odor N and, in the second phase, with the mixture AB.
After conditioning, bees in both groups were tested for their response to B. We assayed all 24 possible combinations
for the four odors standing for A, B, and N. We found blocking in four cases, augmentation in two cases, and no
difference in 18 cases; odor similarity could not account for these results. We also repeated the experiments with
those six odor combinations that gave rise to the similarity hypothesis (experiment 2: I-hexanol, I-octanol, geraniol)
and found augmentation in one and no effect in five cases. Thus, blocking is not a consistent phenomenon, nor does

it depend on odor similarity.

Understanding which conditions are necessary and sufficient for
associative learning is one of the central issues of learning re-
search. A major form of associative learning is classical condi-
tioning (Pavlov 1927) in which animals learn to associate an
originally neutral stimulus (conditioned stimulus [CS]) with a
relevant stimulus (unconditioned stimulus [US]). The initial pro-
posal was that contiguity of the CS and the US is sufficient to
establish an association between them. This is, however, not the
case as demonstrated by the phenomenon called blocking (Ka-
min 1968). In a blocking experiment, there are two acquisition
phases. In the first phase (or preconditioning phase), subjects in
the “block group” are exposed to a single CS A paired with an US.
In the second phase (or compound-conditioning phase), subjects
are exposed to a compound consisting of stimuli A and B, paired
with the US. Subjects in the “control group” are exposed in the
first phase to novel stimulus N paired with the US, and to the
compound AB paired with the US in the second phase. We call
this group henceforth “novel group.” Finally, in the test phase,
subjects in both groups are presented with B alone. Blocking
occurs if B elicits weaker responding in the block than in the
control group despite the fact that B was identically paired with
the US in both groups. It is then said that learning about stimulus
A blocks subsequent learning about stimulus B when A and B are
trained in compound.

Blocking had a profound influence on current theories of
learning and behavior (see Rescorla and Wagner 1972; Mackin-
tosh 1975; Pearce and Hall 1980; Miller and Matzel 1988) because
it shows that the response elicited by a stimulus (B) is dependent
of the associative status of another stimulus (A) that was present
during training. It also shows that contiguity between a CS (B)
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and the US is not always sufficient for learning. Furthermore,
blocking constitutes an interesting phenomenon because it al-
lows different explanatory levels for the absence of learning
about B. One theory, proposed by Kamin (1969) and formalized
in the Rescorla and Wagner model (1972), argues that blocking is
caused by a lack of learning. According to this approach, in the
second phase of training, there is lack of surprise about the oc-
currence of the reinforcer because stimulus A already predicts it.
B is therefore not learned. Another view of the blocking problem
focuses on selective attentional processes, which make the ani-
mal focus on A and explicitly ignore B during AB training
(Sutherland and Mackintosh 1971; Mackintosh 1975). This
theory asserts that blocking is caused by a learned inattention to
the blocked cue. Additionally, explanations of blocking at a per-
ceptual level have been also proposed. It has been argued that
perceptual similarity between A and B determines the occurrence
of blocking (Smith and Cobey 1994; Linster and Smith 1997). If
A and B are perceptually similar, first-phase training with A
would engage a neural pathway for which B has later on to com-
pete due to its similarity to A. In this case, neural coding of B will
be impaired, thus leading to a blocking effect. The explanatory
frame is put here not on learning but on the processing of sen-
sory cues that are used as training stimuli.

Blocking has been studied in several vertebrates such as pi-
geons (Good and Macphail 1994), rats (Kamin 1968; Batsell 1996;
Batsell and Batson 1999; Wiltrout et al. 2003), rabbits (Solomon
1977, Giftakis and Tait 1998; Allen et al. 2002), rhesus monkeys
(Beauchamp et al. 1991; Waelti et al. 2001), and humans (Miller
and Matute 1996; Arcediano et al 1997). In invertebrates, re-
search on blocking has been conducted in the mollusks Limax
(Sahley et al. 1981) and Hermissenda (Rogers and Matzel 1996), in
the fruit fly Drosophila melanogaster, and in the honeybee Apis
mellifera. In Drosophila, Brembs and Heisenberg (2001) used col-
ors and patterns as CSs, and an aversive heat beam as US, and
could not demonstrate the occurrence of blocking. In the hon-
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eybee, blocking was studied by using two main conditioning pro-
cedures: (1) conditioning of the approach flight toward a target
in free-flying bees (von Frisch 1967), and (2) olfactory condition-
ing of the proboscis extension reflex (PER) in harnessed bees
(Takeda 1961; Bitterman et al. 1983). The results of these experi-
ments are contradictory.

By using free-flying bees, Funayama et al (1995) could not
find blocking between colors and odors. They suggested that
blocking should be observable with stimuli of the same modality
but not of different modalities. Couvillon et al. (1997) tested and
demonstrated this assumption by using compounds of two col-
ors, of two odors, and of position (visual proximity to a visible
landmark) and color. In all three cases, the response of bees was
consistent with blocking. When the compound was intermodal
(odor-position) however, no blocking was found (Couvillon et al.
1997). Later, Couvillon et al. (2001) found blocking between in-
termodal stimuli, but such an effect depended on stimulus direc-
tionality; i.e., odor blocked position but neither position nor
color blocked odor. This difference was explained in terms of
relative stimulus salience, with odor being more salient than
color and landmark (Couvillon et al. 2001).

Intramodal blocking was extensively studied by using olfac-
tory conditioning of PER. In olfactory PER conditioning, har-
nessed bees are trained to associate an odor with a reward of
sucrose delivered to their antennae, which elicits PER (Takeda
1961; Bitterman et al. 1983). The association formed enables the
odor to release PER in a following test. In this case, a controversy
exists concerning the existence of blocking. While blocking was
reported in some cases (Smith and Cobey 1994; Smith 1997a;
Thorn and Smith 1997; Hosler and Smith 2000), its existence was
not confirmed in other cases (Gerber and Ullrich 1999). The first
report on olfactory blocking in bees (Smith and Cobey 1994)
concluded that conditioning a first odorant blocks learning
about a second odorant presented in a binary compound with
the first one. This conclusion was refuted by Gerber and Ullrich
(1999), who identified two procedural confounds in the design of
Smith and Cobey (1994): a reduction of the intertrial interval
from the first to the second phase of training, and an absence of
balance of the odorants used. When these two confounding fac-
tors were controlled, blocking did not occur (Gerber and Ullrich
1999). Counterbalancing may not be so critical as subsequent
works (Thorn and Smith 1997; Smith 1997a) did fully counter-
balance the design and reported nevertheless blocking. Later,
Hosler and Smith (2000) replied that blocking does indeed occur
in the olfactory modality, but it is in fact restricted to perceptu-
ally similar odors (the “similarity hypothesis”; see above). How-
ever, some procedural aspects of the work of Hosler and Smith
(2000) were unclear. First, they used three odorants (geraniol,
1-hexanol, 1-octanol), arranged in only six odor combinations. It
seems risky to validate a hypothesis on the role of odorant simi-
larity on the basis of this reduced number of cases, especially
because there were only two cases in which A and B were similar
(A, 1-hexanol; B, 1-octanol and vice versa). Furthermore, in one
case in which A and B were not similar (A, geraniol; B, 1-hexa-
nol), blocking was nevertheless found (see Fig. 4 in Hosler and
Smith 2000). Second, the amount of individuals per group, block
or novel, was 10 for each odor combination, a fact that could
weaken the statistical analysis. Third, the investigators had a
block group and a novel group (control) in which bees were first
trained with an odorant N, different from A and B, and afterward
with AB. They stated that blocking does not occur whenever the
response to B in the novel and the block group was similar. How-
ever, they did not discuss that in two of the three cases in which
blocking was said not to occur, the response to B was indeed
similar in both the novel and the block groups, but simply be-
cause in both cases bees did not respond to B (see Fig. 4B,C of

Hosler and Smith 2000). The odorant stimulation lasted 4 sec and
the response measured reached barely 1 sec in both cases, while
response duration is normally twice the duration of the CS stimu-
lation (see Fig. 4A,E of Hosler and Smith 2000). Thus, we think
that under these circumstances, it is not legitimate to state that
blocking did not occur.

We therefore readdressed the question of blocking in olfac-
tory conditioning of PER in bees. Given that the last account on
the debate about the existence of olfactory blocking in honey-
bees is the similarity hypothesis postulated by Linster and Smith
(1997) and Hosler and Smith (2000), and the criticism formu-
lated above regarding the experimental basis supporting this hy-
pothesis, we decided to test the similarity hypothesis strictly fol-
lowing the procedure of Hosler and Smith (2000). To this end, we
studied performance in 24 (and not six) odor combinations re-
sulting from four odorants (experiment 1). Furthermore we re-
peated the experiments of Hosler and Smith (2000) by using the
same odors and groups (experiment 2). In each group, the num-
ber of bees was 20 (instead of 10). Different from Hosler and
Smith (2000) we did not measure PER duration but frequency of
PER occurrence; the increased sample size can, at the very least,
come up for any presumably reduced sensitivity of the percent-
age of PER (% PER) measure; this is clearly shown by the fact that
we can indeed find between-group differences with this measure.

A

i) 1-octanol

\\/\/\/\\/OH
. OH
i1) T-nonanol /\\/\\/\/\/

oH
0.
Sen,
iii) limonene
iv) eugenol

Cc i) 1-hexanol \/\/\/OH
ii) 1-octanol \\/\/\/\/OH
1ii) geraniol \ OH

Figure 1. The four odors used in experiment 1: (1) 1-octanol, (2)
1-nonanol, (3) limonene, and (4) eugenol. (A) Molecular structures. (B)
Glomerular activation patterns (neural olfactory coding) at the level of the
antennal lobe, the primary olfactory neuropile of the bee brain (courtesy
of G. Galizia) (for explanations about the optophysiological measure-
ments of antennal lobe activity, see Galizia and Menzel 2000). (C) Mo-
lecular structures of the odors used in experiment 2 (same as in Hosler
and Smith 2000).
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Figure 2. Experiment 1: Behavioral generalization matrix. The percent-
age of PER in the single extinction test is represented for the four odors
tested as a function of the trained odor. In the four cases in which the
odor tested corresponded to the odor trained (e.g., training with 1-
octanol, test of 1-octanol), the number of bees per column is 60. In the
other cases, the number of bees per column is 20.

Results

We performed two main experiments in order to test the role of
odor similarity in the occurrence of blocking in the honeybee. In
the first one (experiment 1), we used odors chosen on the basis of
their chemical and physiological similarity and defined a gener-
alization matrix to quantify behavioral similarity. We then stud-
ied the occurrence of blocking depending on odor similarity,
following the procedure of Hosler and Smith (2000). In the sec-
ond one (experiment 2), we explicitly repeated Hosler and
Smith’s (2000) study.

Experiment 1

Measure of similarity: Behavioral generalization matrix

We first established a behavioral generalization matrix for the
four odorants used in our experiments: 1-octanol, 1-nonanol,
limonene, and eugenol (Fig. 1A).

Besides inferences on similarity based on their chemical
structure (Fig. 1A) and on the neural activity patterns (Fig. 1B)
they evoke in the olfactory neuropiles of the bee brain (Joerges et
al. 1997; Galizia and Menzel 2000), the matrix allowed quanti-
fying perceptual similarity and determining possible asymme-
tries between odors. Each of the four odors was conditioned in
the course of six trials. Bees were then presented with a different
odorant in a single extinction test. Different from the repeated-
testing procedure of Hosler and Smith (2000), a different group of
fresh bees was used for each possible odor combination. In order
to have the response to the same odorant, we considered for each
of the four odors the response in the last acquisition trial. Figure
2 shows that the response level to the odors presented in the test
varied depending on the odor used in the training. The highest
response in the test was always to the odor used during the train-
ing (1,octanol: x?=82.29, df=3, P<0.0001; 1-nonanol: x> =
65.32, df = 3, P < 0.0001; limonene: x*=98.71, df = 3, P < 0.0001;
eugenol: x* = 118.52, df = 3, P < 0.0001).

Taking into account the responses in the tests, we could
establish different degrees of generalization between odors. In
five of six cases (1-octanol and 1-nonanol; 1-octanol and limo-
nene; 1-octanol and eugenol; 1-nonanol and eugenol; limonene
and eugenol), generalization was symmetric; i.e., the response to
B after training of A did not differ significantly from the response
to A after training to B (P > 0.0S5 in all five cases); therefore, data
for both directions were pooled for subsequent analyses. Only in
the case of 1-nonanol and limonene, generalization was asym-
metric: Bees responded significantly more from 1-nonanol to li-
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monene than from limonene to 1-nonanol (2X2 x?=4.5455,
P <0.04).

In order to rank generalization levels between odors, we
compared them by means of x? analyses (Fig. 3A). This allowed to
establish the following rank order of similarity based on gener-
alization levels: (1) high—between 1-octanol and 1-nonanol, and
from 1-nonanol to limonene (rank 3 for O-N and N-L); (2)
intermediate—between 1-octanol and limonene, between 1-oc-
tanol and eugenol, and from 1-nonanol to limonene (rank 2 for
O-L, O-E, and L—N); and (3) low—between limonene and euge-
nol, and between 1-nonanol and eugenol (rank 1 for L-E and
N-E). Similarities between odors are depicted in Figure 3B in
which the four triads used in the blocking experiments are pre-
sented.

Blocking: Global performance

The design of the blocking experiments followed that of Hosler
and Smith (2000). For each odor combination, we studied two
groups during two conditioning phases (Table 1).

In the first training phase (preconditioning phase), the
block group was preconditioned to odorant A, while the novel
group was preconditioned to a different odorant N. In the second
training phase (compound-conditioning phase), both groups
were conditioned with a compound of two odorants AB. After the
last conditioning trial, both groups were tested with B in a single
extinction trial. The response to B in both groups was then com-
pared. If blocking occurred, the response to B should be lower in the
block group than in the novel group despite the fact that both
groups experienced B in an identical manner. Odorants were
used equally often and were counterbalanced across days, as N, A,
and B. Twenty-four independent experiments (i.e., 24 block and
24 novel groups) were performed (20 bees per group, 960 bees in

100 -‘ Generalisation levels
80

60

% PER

40 A

201

1-0ctanol = 1.nonanol

4

Limonene

1-0¢tanol (= 1-nonanol
v

Eugenol‘

Eugenol <------- » 1-nonanol

Eugenol <+—* 1-octanol
v, ¥.

s A
Limonene Limonene

Figure 3. Experiment 1 (A) Generalization between odor pairs. Bars
which do not differ at 0.05 are indicated with same letter: O, 1-octanol;
N, 1-nonanol; L, limonene; and E, eugenol. (B) The four triads of odors
used in the blocking experiments and the generalization levels between
odors within each triad. A double-headed arrow indicates symmetric gen-
eralization. A single-headed arrow indicates asymmetric generalization.
Thick line indicates higher generalization; thin line, intermediate gener-
alization; and dashed line, low generalization.
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Table 1. Experimental design of the blocking experiment (F(23,456) = 4.91; P < 0.0001; n? = 0.198) were also significant. This
underlines again the necessity of an odor-combination based

Group First phase cgzg}zz:?: 9 Test analysis. In the next section, we therefore considered the specific
effect of each odor combination, and in particular, the effect of

Block A+ AB+ B? odor similarity.

Novel N+ AB+ B?

Blocking and odor similarity
We asked whether blocking increases with increasing odorant
similarity. Based on our behavioral generalization matrix, we re-
grouped the 24 odor combinations in three classes of similarity
(rank 1 to 3 [see above], implying ascending similarity of odors A
and B) and presented the performance of both the novel and the
block groups in the three phases of the experiment: precondi-
ing-like effect because the response given by the bees trained in t1<?n1ng, .condltlomng,' and test (Fig. 5). If the s1m11a}'1ty hypotltl-
the novel groups, pooled all together (M = 0.62; n = 480 bees), esis of Linster and Smith (1997) and Hosler and Smith (2000) is
was significantly higher (F, o2 = 5.21; P<0.03; 7%= 0.006) correct, respondmg tq B in t.he t'est.ph.ase in the block groups
than the response given by the bees of the block groups (Fig. 4, should decrease with increasing similarity between A and B be-
right panel) pooled altogether (M = 0.55; n = 480 bees). This cause the more similar the odors are, the more blocking should
blocking effect was remarkably weak (as n? < 0.01 is considered occur. o .
small) and could be related to the large sample size (960 indi- The analyses showed comparable significant linear trends
viduals) used in our experiments. both for the block and the novel group (block: F; 477, = 8.80,
We also found that there was a significant difference be- P =0.003; novel:.F a,477) = 7.35, p= 0.007). Res.pgnd}ng to B in
tween the different odors combinations used (Fy;012 = 7.17; the block groups in the test was highest when similarity to A was
P <0.0001; 42 = 0.153; n? > 0.138 is considered stroﬁg) and that high (M = 0.66, n = 120), intermediate when similarity was inter-
the interaction between the two factors was also significant mediate (M = 0.55, n = 200), fmd 10W.65t when similarity was low
(Fz.012) = 2.44; P < 0.0002; 12 = 0.058; 12 of ~0.059 is considered (M,= 9.48, n =160). Respopdmg toBin t.hevnoyel group followed
intermediate). Thus, the occurrence of blocking depends on the @ Similar trend: It was highest when similarity to A was high
odor combination used. Hosler and Smith (2000) employed a (M =0.71, n = 120), intermediate when similarity was intermedi-

similar argumentation and put the accent on odor similarity as ~ at¢ (M =0.62, n=200), and lowest when similarity was low
the feature defining the occurrence of blocking. (M =0.55, n=160). Thus, in contradiction to the similarity hy-

In a second overall analysis, we compared the pooled per- pothes.is no decrease in the response toBin t}'le l?lo?k groups was
formance of the bees of all block groups in the last trial of the ~ foundin the test phase as depending on the similarity between A
preconditioning phase and in the first trial of the compound- and B,’ The direction (?f t1.1e observed trend, however, may well be
conditioning phase. Due to explicit preconditioning in the first ~ ¢Xplained by generalization from the compound AB to B, as an
phase, odor A should have a high associative strength at the egulvalent trend was observed for the novel group. Moreover, ’Fhe
beginning of the compound training phase. Odor B, on the other ~ difference between the block and the novel groups (the blocking
hand, should have no associative strength. If bees are able to effect) dl?‘ HOF vary ‘systematlcally as dep.endmg on Slm}la.“ty. of
identify A in the compound AB, then, ideally, their first antici- A to B (high 51m11ar1ty:_0.95 [0.71—0.66] ; intermediate similarity:
patory response to AB+ should not differ from the anticipatory ~ 0-07 [0.62-0.55]; low similarity: 0.07 [0.55-0.48]).
response to the last presentation of A+ in the preconditioning
phase. Figure 4 (left and middle panels) shows that the level of Blocking: Performance and odor combination
responding in the first compound-conditioning trial (M = 0.59, We next looked for blocking within each of the 24 odor combi-
n = 480 bees) was significantly lower than that in the last trial of nations. We looked for differences between the groups block and
the first training phase (M = 0.82, n = 480 bees; F(; 456, = 161.29; novel in their response to B in the test phase. When multiple

After the method of Hosler and Smith (2000).

total). Differences in odor similarity between odorants allowed
testing the effect of olfactory similarity on blocking.

In a first overall analysis that focused exclusively on the
pooled performance in the test, we found that there was a block-

P <0.0001, 1% = 0.261). This result suggests that bees did not gen- comparisons are done, a threshold correction that takes into ac-
eralize fully between A and AB. The main effect “odor combina- count the number of comparisons is usually applied for deter-
tion” (F,3 456, = 3.73; P < 0.0001; m? = 0.158) and the interaction mining the significance level. As we had 24 odor combinations,
First training phase Compound conditioning Test
100 + 100
8 1 2 *
® 404 a” * a0
- o —+— AB+ (Block) 1
--B-- AB+ (Novel)
0 . - s ) ot
f 2 3 4 5 6 t 2 3 4 5 & Block Nowe
Triat Trial

Figure 4. Experiment 1. Global analysis of blocking (pooled data for training and test). (Left) Percentage of PER in the six conditioning trials of the
first training phase (preconditioning with a single odor, A or N). (Middle) Percentage of PER in the six conditioning trials of the second training phase
(compound conditioning with AB). §Significant difference between sixth preconditioning trial and the first compound-conditioning trial. (Right)
Percentage of PER in the extinction test. Response to B was significantly higher in the novel than in the block group.
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Figure 5.

Trial

Experiment 1: Blocking and odor similarity. Odor combinations were pooled according to their similarity (high, intermediate, and low) as

established through the generalization matrix. (Left) Percentage of PER in the six conditioning trials of the first training phase (preconditioning with a
single odor, A or N). (Middle) Percentage of PER in the six conditioning trials of the second training phase (compound conditioning with AB). (Right)

Percentage of PER in the extinction test.

applying this correction yields an « of 0.0021 (0.05/24). If this «
value is taken, no significant difference is observed in any of the
24 test comparisons between block and novel groups. This result
is consistent with our statement about the weakness of the block-
ing phenomenon (see above) and with previous reports question-
ing the existence of blocking (Gerber and Ullrich 1999). How-
ever, if we use a noncorrected a of 0.05 for our comparisons (as
done by Hosler and Smith 2000), we find different trends de-
pending on the odors considered.

Blocking-like test performances (Byj,cx < Bpoved

We found four odor combinations out of the 24 consistent with
the definition of blocking because the response to B in the test
was significantly higher in the novel than in the block group
(Table 2; mid column; P = <0.05 in all cases).

These were as follows: (1) N = limonene, A = eugenol, B = 1-
octanol; (2) N = 1-nonanol, A = limonene, and B = 1-octanol; (3)
N = eugenol, A =1-octanol, and B = 1-nonanol; and (4) N =1-
nonanol, A = 1-octanol, and B = eugenol. Again, the argument of
odor similarity as determinant of blocking must be refuted be-
cause in three out of the four cases, A and B were not similar. The
odor pairs eugenol and 1-octanol, limonene and 1-octanol, as
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well as 1-octanol and eugenol have different molecular structures
(Fig. 1A), induce different neural activation patterns (Fig. 1B),
and result in intermediate levels of behavioral generalization
(Fig. 3). Odors of only one out of the four pairs (1-octanol and
nonanol) can be considered as similar. Even this result does not
support the similarity argument as no blocking was found in the
combination in which the identities of A and B were inverted
(N = eugenol, A =1-nonanol, and B = 1-octanol), despite sym-
metric highest generalization between 1-octanol and 1-nonanol
(see Fig. 3). Similarly, the results of the generalization matrix
predicted highest asymmetric generalization from 1-nonanol to
limonene. In none of the two odor combinations involving
A = 1-nonanol and B = limonene blocking was found.

Augmentation-like test performances (Byjoc, > B,ovel

By using a blocking design, Batsell et al. (1999, 2001) have re-
ported that an effect opposite to blocking may also occur, i.e.,
augmented conditioning to B in the A+/AB+ design. They have
called this effect “augmentation.” In our experiments, we found
two odor combinations out of the 24 studied consistent with the
definition of augmentation because the response in the test was
significantly higher in the block than in the novel group (Table
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Table 2. The 24 odor combinations used in experiment 1

Sixth A+
Test vs.

Odor combination performance first AB+

N = limonene; A = eugenol; B = 1-octanol blocking NS
N = eugenol; A = 1-octanol; B = 1-nonanol blocking NS
N = T-nonanol; A = 1-octanol; B = eugenol blocking NS
N = 1-nonanol; A = limonene; B = 1-octanol blocking A > AB
N = 1-octanol; A = 1-nonanol; B = limonene augmentation A > AB
N = T-octanol; A = limonene; B = eugenol augmentation A > AB
N = 1-octanol; A = eugenol; B = 1-nonanol NS A > AB
N = 1-nonanol; A = limonene; B = eugenol NS A > AB
N = eugenol; A = limonene; B = 1-nonanol NS A > AB
N = eugenol; A = 1-nonanol; B = limonene NS A > AB
N = T-octanol; A = limonene; B = 1-nonanol NS A > AB
N = eugenol; A = 1-nonanol; B = 1-octanol NS A > AB
N = 1-octanol; A = 1-nonanol; B = eugenol NS A > AB
N = limonene; A = 1-octanol; B = eugenol NS A > AB
N = eugenol; A = limonene; B = 1-octanol NS A > AB
N = limonene; A = eugenol; B = 1-nonanol NS A > AB
N = 1-octanol; A = eugenol; B = limonene NS NS
N = T-nonanol; A = 1-octanol; B = limonene NS NS
N = eugenol; A = 1-octanol; B = limonene NS NS
N = 1-nonanol; A = eugenol; B = T-octanol NS NS
N = T-nonanol; A = eugenol; B = limonene NS NS
N = limonene; A = 1-octanol; B = 1-nonanol NS NS
N = limonene; A = 1-nonanol; B = eugenol NS NS
N = limonene; A = 1-nonanol; B = 1-octanol NS NS

Test performance (midcolumn) indicates blocking when the response to
B in the test was significantly higher in the novel than in the block group.
It indicates augmentation when the response to B in the test was signifi-
cantly higher in the block than in the novel group. NS indicates no
significant differences. The right column shows the cases in which the
response in the last trial of the first preconditioning phase was signifi-
cantly higher than that in the first trial of the compound phase. In all the
cases N = 20 per group, and o was set at 0.05.

2; mid column; P < 0.05 in both cases). These were as follows: (1),
N = 1-octanol, A = 1-nonanol, and B = limonene, and (2) N = 1-
octanol, A =limonene and B = eugenol. In both odor combina-
tions, the response level in the last compound-conditioning trial
(AB+) was significantly higher in the block than in the novel
group. Thus, the two cases of augmentation may simply reflect
the fact that at the end of the compound-conditioning phase, the
response level of the block group was higher than that of the
novel group. Accordingly, a higher level of responses to B can be
expected in the block than in the novel group in the test phase,
and this is exactly what we found. Again, the argument of simi-
larity between A and B cannot account for this effect. Although
generalization from 1-nonanol to limonene was highest (see Fig.
3), it was smallest between limonene and eugenol.

Nonsignificant test performances (B, = Bioved

In the majority of the cases (18 out of 24 odor combinations), we
found no significant difference between the novel and the block
groups in the test phase (P < 0.05; mid column; Table 2). From
these 18 cases, two deserve a special mention. In the odor com-
binations N = 1-octanol, A = eugenol, and B =limonene; and
N = 1-octanol A = eugenol, and B = 1-nonanol, there were no dif-
ferences between the novel and the block groups in the test
phase, but the level of responses for both groups was remarkably
low (<50% ). Acquisition for AB+ in the compound-conditioning
phase was poor both for the novel and the block groups in both
odor combinations. This result is interesting because there was
no blocking (Byock = Bhover in the test). This, however, might be
because learning about B was equally deficient in both cases.
Therefore, it seems inappropriate to conclude that learning about
B was not impaired in the block group (i.e., absence of blocking)

as it was in fact impaired in both the novel and the block group.
By using a different behavioral response (duration of PER), Hosler
and Smith (2000) concluded absence of blocking in two cases in
which the test responses of the block and the novel group were
similar but extremely low (even lower than stimulus duration;
see their Fig. 4B,C). As explained above, this conclusion seems
inappropriate.

Experiment 2

Experiment 1 established that odor similarity is not determinant
for blocking in the honeybee. As a different conclusion was
reached by Hosler and Smith (2000) (see Introduction), we in-
tended to replicate their results by using the same the three odors
as in their work: 1-hexanol, 1-octanol, and geraniol (Fig. 1C). We
presented these odors in the same six combinations used by
Hosler and Smith (2000; Table 3). To increase the statistical ro-
bustness of our analyses, and to compensate for any presumed
lower sensitivity of the % PER measure compared with the re-
sponse duration measure, we included 20 individuals per group
(and not 10).

Blocking: Performance and odor combination
We focused directly on each odor combination to analyze the
effect of odor similarity on blocking. Contrarily to Hosler and
Smith (2000), we did not find any blocking effect (Table 3). This
is valid both for comparisons using an « value of 0.05 and a
corrected a level of 0.0083 (0.05/6). In five out of six odor com-
binations, there were no significant differences in the response to
B in the test between the block and novel groups. In the remain-
ing case (N, l-octanol; A, geraniol; B, 1-hexanol), we found a
significant augmentation effect if an « of 0.05 is taken
(Fq 38 = 5.18, P < 0.03), but no effect if the corrected a of 0.0083
is used. In either case, the result is different from that obtained by
Hosler and Smith (2000) for the same odor combination. These
investigators reported that blocking occurs as follows: N, 1-octa-
nol; A, geraniol; and B, 1-hexanol (see first panel top left in their
Fig. 4). It is important to mention that the behavioral variables in
their and our experiments are different: we used the % PER while
they used the mean duration of PER, which is presumably more
sensitive to detect differences in performance. However, also the
% PER measure yields a result, but one opposite to that reported
by Hosler and Smith (2000) in the case of PER duration; thus, the
argument on reduced sensitivity of the variable used to measure
the bees’ response does not apply to our analyses.

In four out of six combinations (N = 1-octanol, A = geraniol,
B = 1-hexanol; N = 1-hexanol, A = geraniol, B = 1-octanol;
N = geraniol, A = 1-hexanol, B = 1-octanol; and N = geraniol,
A = 1-octanol, B = 1-hexanol), the response in the first trial of the
compound-conditioning phase was significantly lower than in
the last preconditioning phase (P < 0.05, in all cases). If an a of
0.0083 is used, differences remain significant only in the follow-

Table 3. The six odor combinations used in experiment 2

Sixth A+
Test vs.
Odor combination performance first AB+
N = 1 octanol; A = geraniol; B = 1-hexanol augmentation A > AB
N = T-octanol; A = 1-hexanol; B = geraniol NS NS
N = 1-hexanol; A = T-octanol; B = geraniol NS NS
N = 1-hexanol; A = geraniol; B = 1-octanol NS A > AB
N = geraniol; A = 1-hexanol; B = 1-octanol NS A > AB
N = geraniol; A = T-octanol; B = 1-hexanol NS A > AB

Same conventions as in Table 2. In all the cases N = 20 per group and o
was set at 0.05.
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ing case: N, 1-octanol; A, geraniol; B, 1-hexanol (F, 9, = 10.23;
P <0.005).

Discussion
Our results show that blocking is not a robust phenomenon in
olfactory conditioning of the PER in honeybees and, more im-
portantly, that similarity between odors A and B is not determi-
nant for the occurrence of blocking. The first conclusion is sup-
ported by the fact that a large number of bees (960) was necessary
in experiment 1 to detect the blocking effect in the pooled per-
formances of the block and the novel groups (response to B in the
test phase; see Fig. 4, test). Also, an attempt to directly replicate
the results from Hosler and Smith (2000) failed, supporting the
conclusion that the occurrence of blocking in honeybee olfactory
learning is not a robust phenomenon. The second conclusion
was reached after studying the performance of the block and the
novel groups in each odor combination used in experiment 1.
We applied a noncorrected « in order to facilitate comparison
with the work of Hosler and Smith (2000) and found that odor
similarity did not determine the occurrence of blocking. Note
that blocking would not be found in any of the 24 odor combi-
nations tested in experiment 1 if a corrected a were applied. In
experiment 2, blocking was not found in any of the six odor
combinations tested. These results underline the inconsistency
of the blocking phenomenon in honeybee olfactory learning.
Hosler and Smith (2000) postulated that perceptual similarity
between the odors A and B is the critical feature determining
blocking. Following the method of Linster and Smith (1997),
they argued that if A and B are perceptually similar, first-phase
training with A engages a neural pathway for which B has later
on to compete due to its similarity to A. In this case, neural
coding of B will be impaired thus leading to a blocking effect. Our
results show that this conclusion is not tenable.

Being nonconservative in the choice of the a level
(a = 0.05), we found evidence for blocking in four out of 24 odor
combinations of experiment 1. These observed differences in re-
sponding to B between groups, however, were not related to the
similarity between A and B. Neither the trend analysis (Fig. 5) nor
the conventional blocking analyses at the level of individual
odor combinations supported the similarity argument. Com-
pared with the method of Hosler and Smith (2000) we used four
instead of three odors and we assessed the similarity of the four
odors in independent groups. This enhanced the number of odor
combinations under study from six (Hosler and Smith 2000) to
24 (this study). Furthermore, our database for the evaluation of
the effect of similarity on blocking consisted of 960 bees com-
pared with 60 bees in the case of Hosler and Smith (2000). Hence,
the power for detecting a potential influence of the degree of
similarity between the elements of an olfactory compound on
blocking was high. Nevertheless, we could not find reliable hints
for this postulated impact. The same conclusion applies to ex-
periment 2, which constituted a replication of Hosler and Smith’s
(2000) work. Despite the fact that the odor combinations were
identical in both studies, we obtained results that were different
from those of Hosler and Smith (2000). This difference cannot be
attributed to the fact that different variables were used to mea-
sure the response of the bees in both works. Moreover, we per-
formed experiment 2 in such a way that our database was twice
as large as that of Hosler and Smith (2000). Thus, the power for
detecting a potential influence of the degree of similarity be-
tween the odors of an olfactory compound on blocking was also
high in experiment 2. We thus conclude that similarity between
A and B is not a determinant factor for blocking in the olfactory
domain, and that blocking itself is not a widespread and reliable
phenomenon in olfactory PER conditioning of bees. Given this
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conclusion, it seems important that further studies on blocking,
and more generally on olfactory conditioning of PER, involving
multiple groups include corrected « levels in order to ensure cor-
rect interpretations of the experimental data.

The conclusion about the lack of reliability of the blocking
phenomenon is in line with that of Gerber and Ullrich (1999),
who could also not find convincing evidence for blocking in the
same experimental context. The conclusions of Gerber and Ull-
rich (1999) were raised on the basis of a general analysis, which,
except for the case of geraniol and 1-hexanol, did not systemati-
cally take into account the specific case of each odor combina-
tion tested. In their case, no blocking was found (i.e., no experi-
ment yielded a response to B in the block group smaller than that
of the novel group), when confounding factors were eliminated.

When analyzing performance in a blocking design, it would
be also important to consider the potential effects introduced by
the novel odorant (N) design. If there is any generalization from
the novel odor to the blocking (A) or blocked (B) odorant, or if
there is generalization from A to B, this could attenuate the abil-
ity to detect blocking. If A and B are going to be similar or dis-
similar as a treatment effect, at least N must be dissimilar to both.
Detection of blocking can thus depend on N as much as it de-
pends on A and B.

Hosler and Smith’s (2000) similarity argument was origi-
nally postulated by Linster and Smith (1997), who proposed a
model based on neural connectivity in the antennal lobe, the
primary olfactory neuropile in the insect brain. Within this struc-
ture, sensory cells synapse onto projection neurons, which then
carry information out of the first layer for processing in higher-
order neuropiles such as the lateral protocerebrum and the mush-
room bodies. Each antennal lobe is constituted by 160 glomeruli,
the glomeruli being convergence centers between sensory and
projection neurons and local interneurons. Local interneurons
potentially shape the information carried by the projection neu-
rons. These interneurons, which can contact all glomeruli (ho-
mogeneous local interneurons) or only some of them (heterog-
eneous local interneurons) (Fonta et al. 1993), are GABAergic and
exert inhibitory effects on glomerular activity. The model by Lin-
ster and Smith (1997) incorporated these different cell types and
a biologically inspired modulatory neuron with which modifi-
able Hebb-like synaptic interactions take place. A learning rule
that incorporated modifiable connections from projection neu-
rons onto the modulatory neuron was sufficient to account for
behavioral olfactory generalization and overshadowing in bees
(Smith 1997b). A second type of excitatory connection from the
modulatory neuron onto local inhibitory interneurons was nec-
essary to reproduce behavioral results from blocking, under the
assumption that similar odors result in blocking-like perfor-
mances (Linster and Smith 1997; Hosler and Smith 2000). As our
results demonstrate, this assumption was wrong and the model
needs to be revised. In fact, Linster and coworkers have recently
initiated this revision studying olfactory blocking in rats (Gian-
naris et al. 2002). Their experimental work did not yield the
results predicted by the model of Linster and Smith (1997) as
blocking occurred independently of odor similarity, albeit to a
higher magnitude when odors were more dissimilar (Wiltrout et
al. 2003).

The analysis of the transition from the end of the first train-
ing phase (preconditioning with A) to the beginning of the sec-
ond training phase (compound conditioning with AB) in the
block groups yielded a significant effect that deserves further
comment. The level of responding in the first AB trial compared
to that in the last A trial was clearly influenced by odor combi-
nation. This observation contradicts a mere elemental summa-
tion principle such as the Rescorla-Wagner theory (1972), which
assumes that a compound AB is processed as the mere sum of its
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separate components such that the associative strength (V) of the
compound equals the sum of the associative strengths of its com-
ponents (V5 =V, + Vy). If this would be true, bees should re-
spond to AB in the same manner as to A regardless of odor com-
bination, because the unknown stimulus B should have no asso-
ciative strength and only A would contribute to the associative
strength of the compound. Configural theories (see Pearce 1987,
1994), on the other hand, which propose that a compound
constitutes an entity different from its components
(AB = X # A + B), are more likely to predict the outcome of our
experiments. Pearce’s configural theory would predict generali-
zation from A to AB depending on their similarity. Similarity
sensu Pearce is defined in terms of the number of common ele-
ments. Thus, Pearce’s configural theory predicts that responding
to AB should be lower than responding to A, but, without further
assumptions, would not predict that this decrement in respond-
ing is modulated by odor combination. In our data, however, the
effect of odor combination was much stronger than the effect of
a general decrement in responding. Finally, a third view is pro-
posed by the unique-cue theory, which states that a compound is
processed as the sum of its components plus a stimulus (u) that
is unique to the joint presentation of the elements in the mixture
(AB = A + B + u) (Whitlow and Wagner 1972). Deisig et al. (2001,
2002, 2003) have shown that a modified unique-cue theory ac-
counts for olfactory compound processing and learning in hon-
eybees. This theory has the same assumptions as the unique-cue
theory but assumes additionally that components presented in a
compound are less salient than the presentation of the same
elements separately because elements within a compound might
interfere with each other (Mackintosh 1971; James and Wagner
1980). Such an interference may underlie the decrement in re-
sponse observed in the transition from the end of the first train-
ing phase (preconditioning with A) to the beginning of the sec-
ond training phase (compound conditioning with AB) in the
block groups.

We have proposed (Deisig et al. 2002; Giurfa 2003; Lachnit
et al. 2004) that the neural correlate of a unique cue in olfactory
compound processing by honeybees is the specific odor suppres-
sion phenomenon that can be recorded at the level of the anten-
nal lobe when the bee is stimulated with an odor mixture. By
using optical imaging techniques in which Ca**-sensitive dyes
are infused into the antennal lobe of the honeybee has allowed,
uncovering the principles of olfactory coding in bees (Joerges et
al. 1997) and visualizing the suppression phenomenon in the
case of olfactory mixtures. It was shown that each odor is en-
coded as a specific spatial glomerular activation pattern (Joerges
et al. 1997; Galizia and Menzel 2000). Interestingly, activity pat-
terns induced by olfactory compounds deviate more or less from
the patterns that would be expected if simple linear superposi-
tion governed neural processing. Both the kind of odors and the
number of odors mixed together appear to play a role (Joerges et
al. 1997). However, these results were obtained by means of bath
application of calcium green (Joerges et al. 1997). This technique
records the combined activity of several neuronal populations of
the antennal lobe, among which primary-afferent activity seems
to have an important contribution. As the antennal lobe circuitry
transforms the primary-afferent representations of odors (Sachse
and Galizia 2003), recordings where primary-afferent receptor
activity is predominant are not necessarily useful to evaluate ol-
factory compound processing. New methods have been devel-
oped, which allow to record selectively the calcium activity of
the efferent projection neurons by means of selective staining
with fura-dextran, a ratiometric dye (Sachse and Galizia 2002,
2003). Thus, studies applying this technique are necessary to
study how olfactory compounds varying in the number of com-
ponents are processed. The existence of odor-specific suppression

phenomena due to nonlinear processing in the antennal lobe
network could then be studied.

Applying an integrative view that combines the knowledge
derived from neurobiological studies on honeybee olfaction and
that from psychological studies on honeybee learning will help
to uncover the regularities, if any, underlying the impact of odor
combinations observed. How the conditioning phases implied in
a blocking experiment modify the elemental and compound ol-
factory representations at the level of the antennal lobe remains
to be studied. In any case, future work can take advantage of
these optophysiological techniques to relate behavioral perfor-
mance to neural activity in the olfactory network (Guerrieri et al.
2005).

We thus conclude that a complete behavioral analysis, in-
cluding not only the performance in the test phase but also those
in the preceding acquisition phases, is mandatory to produce a
comprehensive study of blocking. Such a study should lead to
specific hypotheses about stimulus processing and representa-
tion that could be tested by using physiological approaches: In
the case of olfactory conditioning of PER in honeybees, we have
underlined the pertinence of imaging techniques, as a possible
tool to test the validity of such hypotheses. Such a combined
approach will yield useful information about the mechanisms
underlying blocking-like or augmentation-like performances,
provided that robust, reproducible effects of blocking or augmen-
tation can indeed be observed. In this respect, it is worth citing
the words of Rescorla and Holland (1982), who enormously con-
tributed to the study of blocking from a psychological perspec-
tive and who concluded that “one begins to fear that additional
cases that would be important to our understanding about con-
ditioning could be ignored because the blocking phenomenon,
rather than the processes which it suggests, has gained domi-
nance in our thinking.”

Materials and Methods

Subjects

Free-flying honeybee foragers, Apis mellifera, were caught when
leaving the hive in the morning of every experimental day. They
were placed in small glass vials and cooled down on ice until they
stopped moving. The bees were then harnessed in small metal
tubes such that they could only move their antennae and mouth-
parts, including the proboscis. Bees were kept in the dark and in
high humidity for approximately 3 h. Before starting the experi-
ments, each subject was checked for intact PER by lightly touch-
ing the antennae with a toothpick imbibed with sucrose solution
without subsequent feeding. Extension of the proboscis beyond a
virtual line between the open mandibles was counted as PER
(unconditioned response). Animals that did not show the reflex
were discarded.

UsS and CS

The US was a 50% (w/w) sucrose solution. In experiment 1, the
odors chosen as CSs were 1-octanol, 1-nonanol, eugenol, and
limonene (Fig. 1A). They were chosen on the basis of their chemi-
cal structures (1-octanol and 1-nonanol are structurally similar,
while eugenol and limonene are not and also differ from 1-octa-
nol and 1-nonanol) and because their physiological coding prop-
erties at the level of the bee antennal lobe is known (Sachse et al.
1999). These odors evoke different glomerular activation patterns
of varying similarity (Fig. 1B). These patterns suggest that 1-oc-
tanol and 1-nonanol should be perceptually similar for the bees.
Eugenol and limonene should differ perceptually from each
other and from 1-octanol and 1-nonanol. Such predictions were
explicitly tested by means of a behavioral generalization matrix
(see below). In experiment 2, the odors chosen as CSs were the
same used by Hosler and Smith (2000): 1-hexanol, 1-octanol, and
geraniol (Fig. 1C).
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Five microliters of pure odor were applied onto a fresh strip
of filter paper (1 cm?). Each paper strip was imbibed before the
beginning of each training phase and then placed into a 20-mL
plastic syringe. For the cases in which a compound of two odors
was used as CS, 5 pL of each odor were applied on the same filter
paper strip.

Procedure

Each trial lasted 60 sec. At the beginning of each trial the subject
harnessed in its individual tube was placed in the experimental
holder, between an air extractor and the syringe for 25 sec to
allow familiarization with the training situation. The air extrac-
tor behind the bee impeded the accumulation of residual odors.
After the 25 initial seconds, the CS was released for 5 sec. In
reinforced trials, the US onset occurred 3 sec after CS onset and
lasted for 5 sec. The interstimulus interval was 3 sec, and the
overlap between CS and US was 2 sec. To release the US, both
antennae were lightly touched with a toothpick imbibed in the
sucrose solution, and the bee was allowed to lick the toothpick
after proboscis extension. This was constant for all bees because
even if the bees extended the proboscis to the odor itself, they got
nevertheless the antennal stimulation with the toothpick. The
bee was then left in the holder until completing 60 sec. It was
thereafter returned to its resting position. The intertrial interval
was 10 min.

We recorded whether or not a bee extended its proboscis
after onset of the odor (CS) and before presentation of the sucrose
solution (US). Multiple responses during a CS were counted as a
single PER. We also recorded the response to the US at the end of
a conditioning phase to check for intact PER. If a bee did not
respond to the US, it was discarded.

Experiment 1: Behavioral generalization matrix

Each odor used in experiment 1 was paired with sucrose in the
course of six conditioning trials. Ten minutes after the last con-
ditioning trial, bees were presented with a different odorant in a
single extinction test (no US delivery). A different group of bees
was used for each possible odor combination. Twenty bees were
trained and tested per odor pair. Twelve groups of 20 bees each
were used (240 bees).

Experiments 1 and 2: Blocking

The design of the blocking experiments followed that of Hosler
and Smith (2000) and was the same both in experiments 1 and 2.
For each odor set, we studied two groups during two condition-
ing phases (Table 1). First, in the first training phase (precondi-
tioning) phase, each group was conditioned with a single odor-
ant in the course of six forward CS-US pairing trials. One group
(block) was preconditioned with odorant A, while the second
group (novel) was preconditioned with a different odorant N.
During the second training phase, the compound-conditioning
phase, both groups were conditioned with a compound made of
the two odorants AB along six forward CS-US pairing trials. Ten
minutes after the last conditioning trial, both groups were tested
with B in a single extinction trial (no US delivery). The response
to B in both groups was then compared. If blocking occurs, the
response to B should be lower in the block group than in the
novel group. Both groups differed with respect to the role of A as
predictor of reward at the onset of the compound-conditioning
phase. Subjects in both groups experienced B in an identical
manner. Odors were used equally often and were counterbal-
anced across days, as N, A, and B. In experiment 1, 24 indepen-
dent experiments (i.e., 24 block and 24 novel groups) were per-
formed (see Table 2); in experiment 2, six independent experi-
ments (i.e., six block and six novel groups) were performed (see
Table 3).

Statistical analysis

For the analyses of the behavioral matrix (experiment 1), we first
tested whether the response to test odors was homogeneous. We
used a x? analysis to compare the responses to the rewarded odor-
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ant to those to the other odors (null hypothesis: response fre-
quency 1/4:3/4). x* analysis was also used to test the symmetry of
generalization between odors, i.e., to compare the response to B
after training of A and the response to A after training to B.
Finally we ranked generalization performance between odors by
subdividing the x? analysis.

For the analyses of blocking both in experiments 1 and 2,
parametric analyses of variance (ANOVA) were used for compari-
sons and trend tests. Although parametric ANOVA is not allowed
in case of dichotomous data such as those of the PER, Monte
Carlo studies have shown that it is permissible to use ANOVA
under certain conditions (the proportion of responses in the
smaller response category is =0.2 and there are at least 20 degrees
of freedom for error) (Lunney 1970), which were met in our ex-
periments. In addition, we computed power analyses (partial n?)
(see Cohen 1988) in order to evaluate the size of the effects ob-
served. Two « levels were employed for the individual odor com-
binations of experiments 1 and 2: an « of 0.05, which was the
one used by Hosler and Smith (2000), and a corrected one
(0.0021 in experiment 1 and 0.0083 in experiment 2) for the case
of multiple comparisons (24 in experiment 1; six in experiment 2).
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